Summary: DNA-based methods to detect and quantify taxon composition in biological materials are often based on species-specific polymerase chain reaction, limited to detecting species targeted by the assay. Next-generation sequencing overcomes this drawback by untargeted shotgun sequencing of whole metagenomes at affordable cost. Here we present AFS, a software pipeline for quantification of species composition in food. AFS uses metagenomic shotgun sequencing and sequence read counting to infer species proportions. Using Illumina data from a reference sausage comprising four species, we reveal that AFS is independent of the sequencing assay and library preparation protocol. Cost-saving short (50-bp) single-end reads and Nextera
Introduction
DNA-based foodstuff testing is mainly done by amplification of species-specific genomic sequences via PCR (Koeppel et al., 2011) , which requires efficient primer binding. Since the number of primer pairs in a multiplex PCR is restricted, this assay does not allow for broad-scale species screening. Yielding higher throughput, nextgeneration sequencing (NGS) of DNA barcodes has proved efficient for the qualitative detection of taxa in food (e.g. Tillmar et al., 2013) . Barcoding, however, also relies on targeted PCR and sequencing of taxon-specific regions, e.g. from mitochondrial DNA, and thus requires separate assays for detecting organisms from different domains of life. Quantitative analysis is restricted due to varying primer-binding efficiencies between taxa and fluctuations in the number of organelles per cell type.
We have recently shown that deep sequencing of total metagenomic DNA from biological samples, followed by bioinformaticsbased species assignment of sequence reads, is able to overcome these limitations, bypassing the need for species-specific fragment amplification (Ripp et al., 2014) . Our working principle, named All-FoodSeq (AFS), screens for species composition and relative quantities via DNA sequence read counting, using sophisticated read alignment algorithms and published reference genomes. Evaluation of 
Methods
DNA isolation, sequencing library preparation and Illumina sequencing of a calibration sausage with known species composition (KalD; Koeppel et al., 2011) are described in Supplementary infor mation. We compared two library protocols (Illumina TruSeq V R , TRU; Illumina Nextera V R , NEXT), read lengths of 50 and 100 basepairs (bps) and paired-end versus single-end (SE) status of sequence reads.
AFS starts with mapping of sequence reads to a set of reference genomes using BWA v0.6.1-r104 (Li and Durbin, 2009 ), thereby assigning reads to species represented by known genome sequences. The proportion of reads assigned to a species is considered to reflect the amount of species material in food. Including more reference genomes may lead to a more exact determination of species composition. However, a broader screening by increasing the number of genomes will result in increased processing time. We therefore select reference genomes by their relevance to foodstuff, taking into account the potential computational expenditure. Here we have chosen genomes based on our a priori knowledge of sausage composition.
For sequence alignment, we offer 6 levels of decreasing mapping stringency beginning with an exact match (edit distance (ED) <1), followed by five further rounds of mapping until ED is relaxed to <6 in the full SE read length. After mapping round 1, we classify reads into three categories: unique, multi-mapped and unmapped. Unique reads map to just one genome (i.e. species). Multi-mapped reads simultaneously match !2 different genomes. This usually happens to reads originating from regions conserved within genomes. We then heuristically assign these reads to the candidate genomes according to proportions previously calculated from the distribution of unique reads. Unmapped reads have no initial alignment match to any genome and are forwarded to a further round of mapping at lowered stringency, getting an additional opportunity to be classified into the aforementioned categories. Nonetheless, it is still possible that some reads are eventually unmapped. Possible reasons can be (i) the reads do not match our selection of reference genomes, because they originate from unanticipated food ingredients; (ii) the reads originate from loci not covered by the reference genomes (e.g. from gapped/scaffolded assembly regions) or (iii) the reads deviate much from the respective genomes, either due to sequencing errors or true mutations, and therefore are not successfully aligned under the allowable stringency. To process these unmapped reads, a promising approach is to use dedicated taxonomic sequence classifiers (e.g. Wood and Salzberg, 2014) , which work by searching against taxon-specific sequence databases. However, the use of these classifiers is currently limited to microbial species. Here we discarded reads that were ultimately unmapped and refer to our previous publication (Ripp et al., 2014) , describing how to make use of unmapped reads for food metagenomics.
Sequence alignments are represented in SAM format and the downstream analyses of the alignment results are performed by a set of self-implemented Perl scripts combined with SAMtools (Li et al.,   2009 ). The final analysis results are reported in HTML format. AFS is memory-efficient and runs on standard personal computers (PCs) with modest memory. Computational cost is basically subject to three factors: number of reads, number of genomes and stringency (determining the number of mapping rounds). Evaluations were performed on a standard desktop PC (16 GB RAM, 4 Â 2.67 GHz CPU cores, Linux operating system).
Results and discussion
Performance was evaluated by mapping two Illumina read datasets (NEXT-SE-50 and TRU-PE-100) obtained from a sausage of known species composition to a subset of five reference genomes (horse, sheep, cattle, pig and water buffalo). The PE dataset was mapped once in SE and once in PE mode, to address the impact of PE information on measurement accuracy. Deviations from expected values (sheep 55%, cattle 35%, horse 1%, pig 9% and water buffalo 0%; Koeppel et al., 2011) were summed up over all species and for every round of mapping ( Supplementary Fig. S1 and Table S2 ). Our data revealed that AFS is able to reflect species composition of the test material with high accuracy. Best results were obtained by TRU-PE-100 and TRU-SE-100 with only 3.79% and 4.56% accumulative deviations, respectively. NEXT-SE-50 (7.08%), albeit being worst, still yielded highly accurate results with predicted portions of 54.57% (sheep), 35.93% (cattle), 1.29% (horse) and 7.15% (pig), where the remaining 1.06% reads assigned to water buffalo reflected falsepositive assignments, probably caused by conserved parts of the very closely related cattle and buffalo genomes. As expected, PE information yielded better results, because of more accurate read assignment. In summary, AFS and its underlying iterative, categorical read assignment practice leads to an up to 10-fold increase in correct assignment, compared to a naive mapping/read counting approach ( Supplementary Fig. S2 and Table S3 ). Concerning mapping stringency, maximum precision was achieved by allowing for $3% of mismatches with respect to read length (i.e. 3-4 rounds of iterative mapping), thereby accounting for sequencing errors and intraspecific genetic variation. Allowing >3% of mismatches did not improve accuracy because most of the reads had already been assigned at this point.
Here we confirm that deep metagenomic shot-gun sequencing combined with a read-mapping/-counting approach is a powerful tool to identify and quantify the components of complex biological mixtures like foodstuffs, requiring reasonable computer power and processing times (Ripp et al., 2014) . We show that reliable results can be achieved with only 1 ng of input DNA and by applying costand time-saving library protocols like Illumina Nextera V R . For the sequencing step, we observed that less than 1& of an Illumina HiSeq lane ($200 000 reads) or 1% of a MiSeq run produced enough data to obtain very robust quantification results. This low amount of required sequencing information in combination with new indexing kits allows for multiplexing of up to 384 samples within a single sequencing run, thereby dramatically reducing pure sequencing costs down to $7.8 per sample ($$3000 per lane).
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